drugs are not free from side effects. Instead, the long-term use of coxibs at high dosages, which has been believed to be necessary if used in anticancer therapy, is troubled by severe, potentially life-threatening risks such as cardiovascular events, renal injury, and gastrointestinal toxicity. 6, 46, 81, 97, 105 Because these unwanted effects are believed to be a class effect caused by the inhibition of COX-2 and the resulting imbalance of prostanoids, 2,26,34 the initial euphoria regarding the potential antitumor benefits of these coxibs has vanished together with huge amounts of shareholder value. In addition, Vioxx was temporarily, and Bextra permanently, removed from the US market, and the Food and Drug Administration requested that labeling for all NSAIDs, including Celebrex, be revised to include a "boxed" or serious warning to highlight potentially lifethreatening risks associated with their use. 17 Several studies are currently underway to more precisely assess the potential benefits and drawbacks of coxib use in the clinical setting, and it is expected that it will take several years before the final verdict is in on this controversial issue. In the meantime, a new area of research has been expanding that focuses on the initially surprising finding that at least some antitumor effects of NSAIDs do not appear to involve the inhibition of COXs. It has been speculated that, if one could harness these COX-independent antitumor effects and apply them in the clinical setting, it might be possible to avoid, or at least greatly reduce, the unwanted side effects that are caused by an imbalance of prostanoid levels. One compound with such allure is DMC, a close structural analog of celecoxib that completely lacks the COX-2-inhibitory function yet maintains potent antitumor activity both in vitro and in vivo.
Introducing 2,5-Dimethyl-Celecoxib
The compound DMC was first developed in the laboratory of Dr. Ching-Shih Chen at The Ohio State University (Columbus, OH). 134 The basis for its discovery was provided by initial observations, 41, 48, 61, 106, 129 which were later expanded, 53, 119 that celecoxib (Celebrex) was unique among the NSAIDs/coxibs because, in addition to its COX-2-inhibitory effect, it was able to potently induce tumor-cell apoptosis in the absence of any involvement of COX-2. Although the COX-independent effects of traditional NSAIDs had occasionally been reported, the second function of celecoxib was unique because it took place at relatively low drug concentrations, that is, celecoxib was able to inhibit proliferation and induce apoptosis in tumor cells in vitro at much lower concentrations than other coxibs (rofecoxib, valdecoxib, NS-398, and DuP697) or traditional NSAIDs (sulindac, flurbiprofen, indomethacin, among others). 47, 48, 51, 53, 70, 106, 134 Most importantly, it was realized that the two activities of celecoxib-inhibition of COX-2 and suppression of cell proliferation-appeared to reside in different domains of the celecoxib molecule and therefore could be separated. 106, 134 From this insight arose the development of DMC, an analog of celecoxib that has lost the first function (the inhibition of COX-2) yet retained the second characteristic (the potent ability to inhibit cell proliferation and induce apoptosis; see Table 1 ).
Celecoxib is a 1,5-diaryl-substituted pyrazole and is chemically designated as 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] benzenesulfonamide. 88 A close structural analog to celecoxib, DMC is designated as 4-[5-(2,5-dimethylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] benzenesulfonamide. 134 Whereas celecoxib has a methyl group at position 4 of the terminal phenyl ring, DMC has a 2,5-dimethyl moiety instead; otherwise, the remaining positions of their complex chemical structures are identical (Fig. 1) . Details of the chemical synthesis of DMC have been provided elsewhere. 53 Initially, DMC's lack of COX-2-inhibitory activity was inferred from the characteristics of very similar compounds analyzed by Penning and associates. 88 Subsequently, we showed that treatment of COX-2-overexpressing GBM cells with celecoxib, rofecoxib, or valdecoxib in vitro resulted in greatly reduced basal levels of PGE 2 , which was not the case when cells were exposed to DMC; 53 similarly, celecoxib, but not DMC, was able to prevent the increase in PGE 2 production in A549 lung adenocarcinoma cells stimulated with interleukin-1. 4 Although these observations were in agreement with a lack of COX-2 inhibitory activity, the inability of DMC to block the enzymatic activity of COX-2 has also been confirmed more directly in conventional in vitro COX-2 inhibitor assays, as shown in Fig. 2 .
As determined from the crystal structure of the celecoxib-COX-2 complex, the interaction of celecoxib with COX-2 accommodates its single methyl group, which fits well into the NSAID binding space of the enzyme. 35, 90 In contrast, the two methyl groups in DMC at positions 2 and 5 of the phenyl ring presumably make it too bulky to fit in this space. In view of the analysis of very similar compounds by Penning and associates, 88 one would conclude that DMC's lack of COX-2-inhibitory activity appears to be based primarily on steric hindrance, which prevents close interaction with the enzyme. For the same reason, the major oxidative metabolite of DMC that is extracted from serum, its dicarboxylate counterpart, 60 is not expected to exert any COX-2-inhibitory activity either.
Taken together, various approaches have established DMC as a COX-2-inactive analog of celecoxib. Amazing- ly, however, as I will outline later in greater detail, DMC is able to mimic faithfully all of celecoxib's inhibitory effects on intracellular mitogenic and survival pathways, on cell proliferation in vitro, and on angiogenesis and tumor growth in vivo. 4, 52, 53, 60, 70, 106, 134 The COX-2-Independent Effects of NSAIDs Although there is clear evidence that at least some of the antitumor effects of NSAIDs may be mediated by the inhibition of COXs, 18, 74 there is also accumulating evidence that NSAIDs, including coxibs, are able to suppress tumor-cell growth and proliferation in the absence of any apparent involvement of either COX-1 or COX-2. A few examples of the latter follow. 1) There is no difference in the sensitivity of tumor cells harboring high levels of COX-2, low levels of COX-2, or no COX-2 at all (from knock-out mice) to the antiproliferative effects of coxibs in vitro or in vivo. 51, 53, 110, 119, 129, 132 2) Low concentrations of coxibs in cell culture (sufficient to inhibit COX-2 fully) do not inhibit cell proliferation; rather, much higher concentrations are needed. 7, [51] [52] [53] 79, 85, 119, 129 3) In all instances investigated so far, DMC (which does not inhibit COX-2) faithfully mimics all antiproliferative (in vitro) and antitumorigenic (in vivo) effects of celecoxib. 4 ,52,53,60,70,106,134 4) Several studies, including ours, in which different concentrations of celecoxib were administered to tumor-bearing animals, found that generally 1000 ppm of the drug (which results in serum concentrations of approximately 10 M) 60 is required to generate antitumor effects in vivo. 53, 60, 75, 85, 115, 124, 135 In contrast, 250 ppm of celecoxib, which is sufficient to reduce greatly the PGE 2 levels circulating in the blood of these animals, 23 does not generally exert significant antitumor efficacy by itself 23, 60 (although head and neck tumor xenografts perhaps constitute a notable exception in this regard). 135 Additionally, one study in which PC-3 prostate carcinoma xenografts were used in nude mice demonstrated that DMC reduces experimental tumor growth more potently than celecoxib (even though the average serum concentrations of DMC were somewhat lower than those of celecoxib). 60 Taken together, these data indicate that non-COX-2 targets must play an important role in the antitumor effects of celecoxib, and these additional targets appear to be affected only at drug concentrations higher than that necessary to inhibit COX-2.
Intriguingly, a study by Davis and colleagues 23 showed that COX-2-inhibitory concentrations of celecoxib in vivo (250 ppm), although not antitumorigenic by themselves, were sufficient to enhance the antitumor effects of ionizing radiation on colon tumors grown in the footpad of mice; this cooperative effect was dependent on the presence of COX-2 in the tumor vasculature but not in the tumor cells themselves. From this finding, the authors concluded that celecoxib increases the radiosensitivity of established tumors in vivo through the inhibition of COX-2 in endothelial cells. Although the findings of this study clearly indicate a role for COX-2 under these special conditions, and at the same time emphasize the importance of tumor angiogenesis, they also reveal that low COX-2-inhibitory concentrations of celecoxib by themselves are not sufficient to reduce tumor growth but cooperate with additional intervention. Similarly, numerous other studies, in which mouse xenograft tumor models have been used, have been performed to explore whether the antitumor effects of conventional chemotherapy can be enhanced when combined with celecoxib. Many encouragingly positive results have been obtained, although most reports did not reveal whether the observed enhancing antitumor effect of celecoxib involved COX-2. 14, 97, 100, 115, 124 From our own experience, we suspect that the antitumor effect of celecoxib in mouse xenograft tumor models will be "dominant" at high concentrations; in other words, when celecoxib is administered at sufficiently high concentrations (Ն 1000 ppm), it will exert antitumor and chemosensitizing effects without the requirement for COX-2 involvement.
Because of certain idiosyncrasies in mouse xenograft tumor models, it remains to be established whether such COX-2-independent antitumor effects of celecoxib take place in humans as well. Although numerous completed and ongoing clinical trials have demonstrated mixed outcomes with regard to celecoxib's potential to synergize with other cancer treatment modalities, it remains unclear whether, in these cases, the occasional successful effect of this drug involved the inhibition of COX-2. 19, 27, 29, 39, 68, 80, 83, 126 I propose that once DMC has been prepared for use in the clinical setting, its use can help clarify this issue.
Non-COX-2 Targets of Celecoxib and DMC
The experimental use of DMC has provided additional strong support for the claim that at least some of celecoxib's observed antitumor effects are independent of COX-2. In several different reports from the laboratory of Dr. Ching-Shih Chen (The Ohio State University) and from my own, DMC was shown to be at least as potent, if not more so, than celecoxib in suppressing tumor growth in various mouse xenograft tumor models 52,53,60 (unpublished data). In all these cases, which included pancreatic carcinoma, Burkitt lymphoma, GBM, and multidrug-resistant
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Antitumor properties of dimethyl-celecoxib: implications for glioma therapy multiple myeloma, celecoxib and DMC were able to suppress tumor formation significantly. Moreover, it has been demonstrated that both drugs displayed potent antiangiogenic activity. 70 Because DMC does not inhibit COX-2, this line of evidence strongly suggests that inhibition of COX-2 is not required for these antitumor and antiangiogenic effects to take place. This conclusion, of course, begs the question as to the cellular components and mechanisms that partake in and mediate the COX-2-independent effects of these two drugs.
The activities of several intracellular signaling and cellcycle molecules have been found to be affected by treatment of cells with celecoxib. 30, 42, 45, 48, 51, 64, 113, 133, 134 Although it could be argued that perhaps some cellular components are indirectly affected, that is, as a consequence of the inhibition of COX-2, most of these drug effects are also observed in COX-2-negative cells and are replicated by DMC, which does not inhibit COX-2; these findings indicate that COX-2 indeed is not involved. The following intracellular molecules, all of which have critical roles in tumor cell proliferation and survival, have been found to be similarly affected by treatment of cells with celecoxib and DMC.
From among the non-COX-2 targets of celecoxib, one protein has been proposed to act as a receptor for celecoxib: PDK1. 3, 60 Because celecoxib was shown to inhibit the enzymatic activity of purified PDK1 directly in the test tube, it was concluded that this protein kinase might be the major non-COX-2 receptor of celecoxib that mediates the COX-2-independent effects of the drug. 3, 60 In cells, PDK1 activates the PKB/Akt survival pathway by directly phosphorylating its in vivo substrate Akt/PKB; accordingly, it has been shown that treatment of cells with celecoxib results in decreased levels of Akt/PKB phosphorylation. 3, 60 This discovery seems to provide a reasonable explanation for the COX-2-independent antitumor effects of celecoxib: when PDK1 is inhibited by celecoxib, the activity of the cell-survival kinase Akt/PKB is downregulated and, therefore, cells are more prone to apoptosis. In further support of this view, the activity of PDK1 has been found to be inhibited by DMC as well. 60 Subsequent studies in our laboratory, however, have not yielded findings supporting the aforementioned supposition. For example, we have been unable to replicate the reported inhibition of purified PDK1 by celecoxib or DMC in vitro. 53 Furthermore, the downregulation of Akt/ PKB phosphorylation by celecoxib and DMC appears to be highly cell-type specific and is often only achieved under conditions of serum deprivation in the culture medium. Although detected in some cell types, 3, 45, 64, 106 this downregulation of AKt/PKB has not been observed by others; 14 in our own studies, we were unable to detect drug-induced changes in Akt/PKB phosphorylation in cases of Burkitt lymphoma, multiple myeloma, and various GBM cell lines-even though the proliferation of all these cells was potently inhibited by celecoxib and DMC.
52,53 Moreover, we found that mouse embryonic stem cells with knocked-out PDK1 alleles (PDK1 Ϫ cells) 125 were as sensitive to celecoxib and DMC as their wild-type counterparts; that is, the extent of growth inhibition by these drugs was not affected by the absence of PDK1 in these cells (unpublished data). Taken together, the function of PDK1 as a major receptor for celecoxib and DMC remains somewhat controversial, and more experiments are needed to clarify this issue.
Other important cellular components found to be affected by celecoxib and DMC are the cyclins, which are the essential regulatory subunits of CDKs. Cyclin-dependent kinase activity, also called the cell-cycle engine, is required for cell proliferation to take place; without it, cells are arrested in the cell cycle.
40, 82 Work produced in our laboratory has demonstrated that celecoxib and DMC block the transcription of cyclins A and B, thus preventing the synthesis of these two critical CDK subunits.
51,53 As a result, drug-treated cells lose CDK activity and are unable to proliferate. Similar to observations regarding other effects caused by these two drugs, other coxibs and traditional NSAIDs do not affect the expression of these cyclins, downregulate CDK activity, or inhibit cell proliferation at comparable concentrations. 7, 41, 51, 79, 85 Because celecoxib and DMC consistently inhibit the expression of cyclins in different tumor cell lines, and in consideration of the indispensable role cyclins play in the regulation of cell proliferation, it is reasonable to conclude that these targets may play a major role in mediating the antitumor effects of these drugs.
In addition to cyclins and PDK1, there are other cellular components that have been found to be affected by celecoxib and DMC (see Fig. 3 Although details of these effects have not yet been established (it is currently unknown how these drugs impinge on the activity of the cellular components), the components all constitute proteins that are critically important for cell-growth regulation and survival or apoptosis. Ad-ditional studies are needed to determine the role and precise contribution of these targets to the antiproliferative and apoptosis-inducing processes initiated by celecoxib and DMC. In this regard, it should be noted that the apparent multitarget nature of these two drugs could be beneficial for purposes of anticancer therapy. As it has emerged that multiple pathways in tumor cells should be targeted to achieve therapeutic success, recently published views presenting efficient cancer treatments favor multimodal therapies and combination drug treatments. 28, [31] [32] [33] 101 Within this context, the multifaceted molecular consequences of tumor cell treatment with celecoxib and DMC may actually be highly desirable, and may be beneficial for treatment of many different types of tumors; this has indeed been indicated by findings of numerous studies of the antitumor effects of celecoxib and DMC in a great variety of different tumor cells in vitro and in vivo (some of these studies are included in the reference list). 4 
The Conundrum of In Vitro Versus In Vivo Effects
It has been proposed that the COX-2-independent effects of celecoxib might be an in vitro artifact and do not occur in vivo. 94, 124 This view is based on the observation that there is a substantial difference between effective drug concentrations used in vitro and those achieved in the serum of patients. For example, it generally requires between 10 and 75 M of celecoxib or DMC to block proliferation and induce apoptosis of tumor cells in vitro (in cell culture), whereas the serum concentration of celecoxib in patients or experimental animals ranges from 1 to 10 M.
22,86 2,5-dimethyl-celecoxib appears to have similar pharmacokinetics and can reach 10 M in the serum of laboratory mice. 60 In addition to these discrepancies in effective drug concentrations, it has been suggested that celecoxib's antitumor effect can be mediated via the inhibition of COX-2 solely in endothelial cells: tumor inhibition then is achieved via the blockage of angiogenesis, independent of the COX-2 status of the tumor cells themselves. 23, 124 Several recent findings appear to oppose the aforementioned arguments. For example, DMC, which does not affect COX-2 at all, potently mimics the antitumor effects of celecoxib in tumor-bearing animals.
52,53,60 In addition, DMC (similar to celecoxib) has been shown to block angiogenesis in the chicken chorioallantoic membrane model. 70 Thus, although these results do not lead us to question the well-established decisive role of COX-2 in tumor angiogenesis, 37,123,124,135 they do suggest that celecoxib and DMC do not require the inhibition of COX-2 to exert their antitumor and antiangiogenic effects-at least not in the in vivo models used thus far.
In culture the inhibition of COX-2 in cells has no inhibitory effect on their proliferation or survival, and cells lacking the COX-2 (and/or COX-1) gene proliferate normally and exhibit comparable sensitivity to NSAIDinduced growth inhibition and cell death. 132 In contrast, some of the non-COX-2 targets of celecoxib and DMC, for example, cyclins A and B, are vital for cell proliferation to take place. Therefore, the presence of certain non-COX-2 targets could very well suffice to explain these drugs' growth-inhibitory action-if drug effects on such targets can be verified in vivo as well. Remarkably, this latter fundamental condition has recently been met.
It has been demonstrated that some non-COX-2 targets of celecoxib and DMC, which are affected at relatively high drug concentrations in cell culture in vitro, are similarly targeted in xenograft tumor models in vivo, in which substantially lower drug concentrations are present. For example, the reduced growth of a human Burkitt lymphoma in animals treated with celecoxib or DMC closely correlated with substantial (approximately 80-90%) downregulation of cyclins A and B expression. 53 Similarly, inhibition of PDK1 in a pancreatic carcinoma xenograft mouse model correlated with reduced tumor growth in response to treatment of these animals with DMC. 60 An additional target of celecoxib and DMC is survivin, which belongs to the family of antiapoptotic proteins. 1, 66 Expression of survivin is frequently found to be greatly elevated in tumor tissue and is thought to confer resistance to chemo-and radiotherapy on these cells. For example, findings of several studies have demonstrated that the experimentally induced decrease in survivin expression (for example, that due to antisense or small interfering RNA approaches 16 ) causes greatly enhanced apoptosis of these cells in response to treatment with various anticancer modalities. 8, 13, 72, 87, 96, 127, 130 In this regard, our most recent studies have provided evidence that celecoxib and DMC are able to block survivin expression completely in vitro and in vivo, concomitantly stimulate apoptosis, and substantially increase the chemosensitivity of tumor cells to certain anticancer drugs (Pyrko, et al., unpublished data). Considering the critical function of survivin as a custodian of tumor-cell survival, these results suggest that this protein may play an important role in the apoptosis-inducing mechanisms affected by celecoxib and DMC. In this regard, I further speculate that these processes could also participate in the previously described radiosensitization effects of celecoxib in GBM cells, 56,89,93 although this has not yet been investigated using DMC.
Together, the aforementioned results clearly demonstrate that similar molecular and cellular responses can be achieved in vitro and in vivo, even though the required drug concentrations appear to differ. The basis for the concentration issue has remained unclear, although it should be noted that effective drug concentrations in vitro can be lowered substantially under altered cell-culture conditions; in particular, a reduction in the serum concentrations of cell-culture medium, from the conventional 10 to 2% or lower, will dramatically decrease the median inhibition concentration of celecoxib or DMC required to induce growth arrest and apoptosis. 48, 60, 134 In any case, the aforementioned examples thoroughly demonstrate that celecoxib and DMC are able to impinge potently on non-COX-2 targets in vivo as well, and suggest that at least some of these processes can serve as a rational explanation for the reported COX-2-independent antitumor effects of these drugs.
Implications for Glioma Therapy
The typical intervention used in patients harboring malignant gliomas consists of resection followed by radiotherapy and then chemotherapy. 5 Despite this enormous tripartite effort, however, the median survival period for a
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Antitumor properties of dimethyl-celecoxib: implications for glioma therapy patient with a newly diagnosed GBM is frustratingly short. 69 In addition, although radiation treatment after surgery clearly results in benefits for survival, a major complicating factor is the significant neurotoxic side effects, which are prominent, particularly in the older population, and severely reduce the quality of life for affected patients. 62, 116, 121 In this regard, novel therapeutic approaches, such as stereotactic radiosurgery or the inclusion of radiation sensitizers, may hold some promise for an improved benefit/harm ratio. 107, 122, 131 Not surprisingly, after celecoxib burst onto the stage of anticancer research, numerous groups began to evaluate its potential for inclusion in brain-tumor therapy. The underlying rationale was based on the earlier observation that expression of COX-2, as well as levels of its reaction products, the prostaglandins, is frequently found to be elevated in cases of glioma. 9, 24, 49, 58 In addition, a high level of COX-2 expression is associated with clinically more aggressive tumors, such as GBM, and is a strong predictor of poor survival. 103 It has therefore been postulated that inhibition of COX-2 activity in such cells might be beneficial for management of these tumors. 15 Studies by my group and others have established that celecoxib is able to potently inhibit proliferation and invasion of several GBM cell lines in vitro, but this effect takes place independently of COX-2. 51, 63 Using an orthotopic rat gliosarcoma model, Nam, et al., 78 found that celecoxib, administered orally, significantly reduced the incidence and size of tumors, and that tumor cells from treated rats had lower levels of phospho-Akt/PKB, a previously identified alternative target (via the inhibition of PDK1; see earlier discussion) of this drug. Using a similar orthotopic rattumor model, this same group also reported 50 that combination therapy of celecoxib and temozolomide, a methylating agent, 108 resulted in significantly reduced tumor volume and microvessel density compared with untreated controls or single-agent therapy. In our own in vivo studies, we found that celecoxib and DMC were able to inhibit potently the growth of human GBM cells in a xenograft nude mouse model (Pyrko, et al., unpublished data). In this case, the inhibition of tumor growth coincided with increased tumor-cell apoptosis and with decreased expression of survivin in the tumor tissue. This latter observation is particularly interesting because survivin levels in human GBM have been associated with increased tumor-cell survival and progression to a more aggressive tumor phenotype. 12, 13, 21, 128 Taken together, the above-referenced reports support the idea that celecoxib may be beneficial as part of GBM therapy, but that these effects may also take place independently of the involvement of COX-2 and, thus, that perhaps DMC should be further evaluated as well.
Several ongoing and completed clinical trials have been performed to evaluate the benefit of including celecoxib in glioma chemotherapy. For example, the results of a Phase II trial of irinotecan (CPT-11), a topoisomerase I inhibitor, 36 in combination with celecoxib showed encouraging news about this regimen in heavily pretreated patients with recurrent malignant glioma. 95 In contrast, the combination of celecoxib and 13-cis-retinoic acid was not more effective than 13-cis-retinoic acid alone in the treatment of recurrent GBM. 65 Additional Phase II trials are currently underway to investigate the potential benefit of celecoxib in combination with other chemotherapeutic or antiangiogenic drugs, such as temozolomide, thalidomide, isotretinoin, etoposide, or cyclophosphamide, in patients who have undergone radiotherapy for GBM. Although the results of these trials will provide important insights into the potential usefulness of celecoxib as part of combination chemotherapy, they will not answer the question of whether inhibition of COX-2 is required for such effects (if any).
In addition to combination chemotherapy, celecoxib is also being evaluated as a radiosensitizer, and in this regard, there is strong evidence that the inhibition of COX-2 may play an important role. 15, 76, 77 For example, various traditional NSAIDs, as well as selective COX-2 inhibitors, have been shown to enhance intrinsic tumor cell radiosensitivity in vitro. 56, 89, 92 This effect was also exerted by celecoxib and other selective COX-2 inhibitors in various animal tumor models in vivo. 23, 56, 71, 89, 92 Two reports have indicated that the radiosensitizing effects of celecoxib preferentially took place in tumor cells with elevated levels of COX-2, 92 ,102 a finding that is in stark contrast to celecoxib's antitumor effects in monotherapy, in which the COX-2 status of tumor cells has no relevance for the efficacy of druginduced antigrowth effects (see earlier discussion). It should be noted, however, that the radiosensitizing effects of this drug have also been observed in experimental tumors in which COX-2 expression was restricted to the tumor neovasculature. 23 As already mentioned, this particular study is quite intriguing because it demonstrates that celecoxib alone, at low dosages (250 ppm), does not inhibit tumor growth, but does cause radiosensitization. It is quite likely that this result reflects the dual features of celecoxib-the inhibition of COX-2 and the ability to stimulate apoptosis-and indicates that for purposes of radiosensitization, the effect of celecoxib on COX-2 activity might be the decisive attribute.
Unlike lung cancer research in which clinical studies into the radiosensitizing effects of celecoxib are more advanced, 38,59 literature regarding such an effect on brain cancer is scarce. One notable exception is a Phase I/II study of patients with unresectable brain metastases, in which it was found that radiotherapy plus celecoxib is safe and possibly useful for these patients. 11 Thus, although the findings of some studies are encouraging and suggest a role for celecoxib as a radiosensitizer in the clinical setting, only time (and more clinical trials) will tell whether this promise indeed will hold up.
With regard to the involvement of COX-2, it appears that this enzyme may be the primary target of celecoxib when it comes to radiosensitization. Nevertheless, other cellular components, such as PDK1-Akt, PKB, and survivin, known targets of celecoxib, are major players in cellular radioprotection as well. 13, 67, 72, 96, 99 Therefore, it may be desirable to determine the ability (or lack thereof) of DMC to induce radiosensitization of tumor cells. Should we find that DMC is unable to increase radiosensitivity, this would provide very solid support for the critical role of COX-2 in this process. In the meantime, I will postulate that celecoxib's COX-2 inhibitory function is probably important for the radiosensitization of tumor cells, but perhaps is not generally required in instances of chemosensitization or for the drug's antitumor effects in monotherapy. Because it is unclear what the beneficial effects of COX-2 inhibition may be in treating gliomas, the use of DMC-without the potential side effects of COX-2 inhibition, but with the antiapoptotic properties of celecoxib-may prove beneficial in combination with conventional glioma therapy.
Conclusions
Although DMC is unable to inhibit COX-2, it nevertheless accurately and potently mimics all of celecoxib's antitumor effects investigated so far. This congruence extends to in vitro and in vivo studies and includes experiments performed in various xenograft mouse tumor models. These results strongly argue against a role of COX-2 in these processes and, consequently, several other intracellular key regulatory components have been identified that could serve to explain the observed drug effects. For example, the essential cell-cycle regulatory cyclins or the important cell-survival custodians PDK1 and survivin present candidates for major players that could mediate the antitumor effects of celecoxib and DMC. In addition, the possibility exists that several of these alternative targets must cooperate to promote the full drug effects and, thus, celecoxib and DMC exert their pleiotropic effects via multiple targets.
Although the work with DMC has contributed important insights into the underlying mechanisms of the wellrecognized COX-2-independent antitumor effects of celecoxib, it has also generated exciting speculation regarding its potential for future clinical use. Because the recently recognized life-threatening side effects of long-term clinical coxib use have been linked to an imbalance in prostanoid levels, one would expect that DMC, due to its inability to inhibit COX-2, would not cause similar side effects and, perhaps, could be used at even higher concentrations. Thus, at least in those cancers in which the inhibition of COX-2 appears negligible, it might be worthwhile to evaluate DMC's potential as a noncoxib alternative for anticancer purposes. 
